The orographic effect of the Tibetan Plateau on atmospheric poleward heat transport is investigated using an atmospheric general circulation model. The linear interference between the Tibetan Plateau-induced winds and the eddy temperature field associated with the land-sea thermal contrast is a key factor for enhancing the poleward stationary eddy heat transport. Specifically, Tibetan Plateau-induced stationary waves produce northerlies over the cold eastern Eurasian continent, leading to a poleward heat transport. In another hot spot of stationary eddy heat transport over the eastern North Pacific, Tibetan Plateau-induced stationary waves transport relatively warm marine air northward.
Introduction
Tropospheric circulations in northern winter are distinctively zonally asymmetric, exhibiting relatively mild (cold) conditions over western (eastern) continents (Hartmann 1994; Kaspi and Schneider 2012) . Sources of the stationary waves that are responsible for the zonally asymmetric circulations in the Northern Hemisphere can be largely categorized into three elements: extratropical land-sea thermal contrast, large-scale orography, and tropical diabatic heating (Inatsu et al. 2002) . The background stationary wave pattern is mostly determined by the zonally asymmetric diabatic heating field including the localized tropical heating and the land-sea thermal contrast (Chang 2009 ). In general, the overall amplitude of topographically forced stationary waves is known to be rather minor (Chang 2009 ) and can saturate with a relatively small mountain (Cook and Held 1992) .
However, it is not well understood how topographically forced stationary waves interact with background stationary waves with regard to the poleward eddy heat transport. A classic study based on a steady-state quasigeostrophic model indicates that topography can reinforce the background stationary waves during northern winter (Derome and Wiin-Nielsen 1971) . This wave ''coherence'' implies that the topographically induced stationary waves can linearly increase the poleward heat transport. Because mountains can produce strong stationary winds over some localized areas (Rodwell and Hoskins 2001) , the mountain-induced stationary waves might effectively enhance the poleward heat transport over some localized areas.
Recent studies have begun to understand the importance of wave interference between anomalous quasistationary waves and the climatological stationary waves during northern winter. For example, Smith et al. (2011) found that anomalous waves associated with Eurasian snow cover changes can modulate the northern annular mode (NAM) variability only when the anomalous waves constructively interfere with the climatological stationary waves. Similarly, responses of NAM to tropical SST changes have been explained in the context of the linear wave interference (Fletcher and Kushner 2011; Ineson and Scaife 2009) .
This study investigates how Tibetan Plateau-induced stationary waves, which are strongly localized (Rodwell and Hoskins 2001) and barotropic (Derome and WiinNielsen 1971) , affect the poleward heat transport during northern winter. Fletcher and Kushner (2011) briefly documented that the amplitude of climatological stationary waves and the associated interference effects are reduced in the absence of the Tibetan Plateau. This study examines in detail why the climatological stationary waves and the interference effects are so effectively enhanced (suppressed) in the presence (absence) of the Tibetan Plateau. In particular, we focus on the constructive interference between the Tibetan Plateau-induced stationary waves and the eddy temperature field associated with the land-sea thermal contrast.
We also try to better understand how poleward heat transport by stationary waves affects transient eddies. Previous studies have shown that mountains can enhance stationary waves and reduce transient eddy kinetic energy (Manabe and Terpstra. 1974; Yu and Hartmann 1995; Son et al. 2009 ). Observational analyses support that the compensation of the poleward energy transport between stationary waves and transient eddies is quite robust (Trenberth and Stepaniak 2003) . In this study, we demonstrate that an enhanced poleward heat transport by stationary waves can weaken transient eddies by modifying the background baroclinicity, which is dynamically tied to the westerly wind speed. Our result is consistent with previous studies that stationary waves affect the position and strength of zonal-mean westerlies (DeWeaver and Nigam 2000; K€ ornich et al. 2006) .
Model and data
We perform simulations with the Geophysical Fluid Dynamics Laboratory's Atmospheric Model, version 2.1 (AM2.1; Anderson et al. 2004) . It uses a finite-volume dynamical core (Lin 2004 ) at 2.58 3 2.08 horizontal resolution (M45) with 24 vertical levels. The monthly climatology of sea surface temperatures (SST), from the 50-yr monthly mean Reynolds reconstructed SST (Smith et al. 1996) analysis, is specified as a lower boundary condition.
To better understand the interannual variations of stationary waves, we also performed experiments with AM2.1 coupled to a motionless slab ocean of uniform 50-m depth (hereafter SM2.1). A climatological monthly Q-flux correction was applied at slab-ocean grid points to ensure that the simulated SST seasonal climatology closely matches the observed climatological mean SSTs in the presence of the Tibetan Plateau. SM2.1 simulates a larger and more realistic interannual variability of northern winter stationary waves than that of fixed SST simulations (AM2.1). This is because the northern winter diabatic heating field varies more with a slab ocean than with fixed SSTs.
In each model integration, the same boundary conditions are used except for the topography over South and central Asia, that is, the Tibetan Plateau and the Altai-Sayan mountains. For the control run, all topography is maintained at present-day height (full-Tibet experiment). In the ''no-Tibet'' experiment, the entire Tibetan Plateau and the Central Asian mountains from 458 to 1258E longitude and 288 to 558N latitude are removed. For AM2.1, each experiment is run for 40 years, with the results shown here being the average over the last 34 years of the simulation. For SM2.1, each experiment is run for 40 years and the last 32 years of the simulation are used for the analysis.
To demonstrate a tight dynamical linkage of the poleward energy transport between stationary waves and transients, we use the 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) ReAnalysis (ERA-40; Uppala et al. 2005) archived at the ECMWF data server (http://www.ecmwf.int/research/ era/do/get/era-40). These data are stored four times daily at 2.58 3 2.58 horizontal resolution and 23 pressure levels. We show quantities from the 42-yr period spanning from January 1960 to December 2001. We averaged the four-times-daily data to daily means and all the calculations of this study have been performed with the daily mean data (both AM2.1 and ERA-40). When a 20-day highpass filtering is applied, using the daily mean meridional wind y and temperature T leads to about 10%-15% weaker transient eddy heat flux locally than that of four-times-daily (43daily) data (now shown). Overall spatiotemporal structure, however, does not change.
This study focuses on northern winter, specifically from 15 December to 15 February (about 60 days). This 60-day period is a little narrower than the typical definition of northern winter that includes the entire months of December, January, and February (90 days). In the next section we demonstrate that the poleward stationary eddy heat transport by the constructive interference is maximized during midwinter. There are substantial differences in the stationary eddy heat transport in late February and mid-January.
Constructive interference of stationary waves
To understand the Tibetan Plateau-induced stationary eddy heat fluxes, we first examine the upper-tropospheric stationary waves from the full-Tibet and no-Tibet experiments. This is then extended to stationary meridional winds and eddy temperature field in the lower troposphere. The latter is because the maximum eddy heat fluxes are located in the lower troposphere and the coherence between the eddy meridional winds and eddy temperature field determines the poleward stationary eddy heat fluxes.
a. Tibetan Plateau-induced stationary waves
Stationary waves are usually defined in the upper troposphere as their amplitude increases with height in the troposphere. Figures 1a,b show the wintertime (from 15 December to 15 February) stationary waves, defined by the 300-hPa eddy streamfunction, in ERA-40 and the AM2.1 simulation. The overall amplitude of stationary waves simulated by AM2.1 is about 10% weaker than ERA-40. In the absence of the Tibetan Plateau, the global stationary wave pattern is retained (Fig. 1c) , verifying that the land-sea thermal contrast and the tropical heating largely explain the global stationary wave pattern (Chang 2009 ), although the amplitude of stationary waves somewhat weakens in the midlatitudes.
1 The removal of the Tibetan Plateau is known to substantially reduce the planetary scale waves, especially the wavenumber 1, which efficiently propagate into the stratosphere (Fletcher and Kushner 2011) . In the troposphere, however, the influence of the reduced stationary wavenumber 1 is not obvious, suggesting that the wavenumber-1 component is not the dominant wave spectrum in the troposphere. Figure 1d shows stationary waves forced by the Tibetan Plateau, calculated by the difference between the full-Tibet and no-Tibet experiments (Tibet 2 no-Tibet).
The Tibetan Plateau-induced eddy streamfunction is largely consistent with Held et al. (2002) and Park et al. (2010) . Consistent with Derome and Wiin-Nielsen (1971) and Chang (2009) known to produce localized stationary winds (Rodwell and Hoskins 2001) . In the next section, we demonstrate that these localized stationary waves play an important role for enhancing the poleward stationary eddy heat transport.
b. Stationary eddy heat fluxes
In this study, the vertically integrated stationary and transient eddy sensible heat fluxes are respectively calculated as ð 300hPa sfc c p (y*T * ) dp g and (1)
Here, the overbar refers to 20-day moving average, and an asterisk refers to the deviation from the zonal mean (e.g., y* 5 y 2 [y], where the square brackets denote the zonal mean). Primes denote transients, the deviations from the 20-day moving average. The specific heat of dry air is c p (51004 J kg 21 K 21 ). To obtain the total tropospheric heat flux, the stationary eddy heat flux is multiplied by the mass at each individual pressure level dp/g. Similarly, the stationary and transient eddy latent heat fluxes are respectively calculated as ð 300hPa sfc L y (y*q*) dp g and
where q is specific humidity (kg kg 21 ), and L y is the latent heat of vaporization (52.257 3 10 6 J kg 21 ).
By applying the 20-day moving average, low-frequency eddies such as the Pacific-North America (PNA) pattern, are included as part of stationary waves. In this study, we would like to include low-frequency variability as part of stationary waves. For example, a positive PNA pattern is often regarded as ''quasi-stationary waves'' but does not persist for 2 months (the pattern persists only 2-3 weeks). If a 60-day seasonal mean is used, a few intraseasonal modes of quasi-stationary waves like the PNA pattern become transient eddies, mixed up with synoptic storm tracks. By applying the 20-day running average (instead of the 60-day seasonal mean), the transient eddies include mostly storm tracks.
In the presence of the Tibetan Plateau, strong northerlies develop over East Asia (Fig. 2a) . This is likely to be a typical linear response of stationary waves to orography, particularly the transition from upstream anticyclones to downstream cyclones (Cook and Held 1992; Roe and Lindzen 2001) . Although not shown, these northerlies get much weaker in the spring and summer. A linearized isentropic equation (Cook and Held 1992) suggests that a relatively large meridional temperature gradient leads to a stronger response of stationary waves to orography-northern winter is the season when the meridional temperature gradient is large over the Tibetan Plateau.
In general, the meridional winds are spatially coherent with the eddy temperature field, indicating that the zonally asymmetric temperature distribution is largely due to the meridional advection of heat energy (cf. Figs. 2a and 2c ). Figures 2c and 2d are lowertropospheric eddy temperature field simulated by AM2.1. Even in the absence of the Tibetan Plateau, the temperature field is obviously zonally asymmetric, exhibiting a relatively cold East Asia and a warm eastern North Pacific (Fig. 2d) . The Tibetan Plateau-induced stationary waves transport relatively cold eastern Siberian air into East Asia, further decreasing the near-surface temperature in this region. The negative eddy temperature over East Asia decreases from 25 to 28 K in the presence of the Tibetan Plateau. On the other hand, relatively warm subtropical air is transported northward into the eastern North Pacific by stationary waves, increasing the eddy temperature from 4 to 6 K.
Figures 2e and 2f show the stationary eddy sensible heat fluxes during northern winter (15 December-15 February) calculated from Eq. (1). In the presence of the Tibetan Plateau, AM2.1 simulates distinct hot spots over East Asia and the eastern North Pacific, consistent with observational analyses that relatively low wavenumbers explain northern winter stationary waves (Lau 1979) . Stationary waves transport relatively warm ocean air northward (y* . 0, T * . 0) over the eastern North Pacific. This northward transport of warm air explains the relatively mild weather over southern Alaska and areas of equal latitudes. In contrast, the poleward stationary eddy heat flux over East Asia is associated with equatorward flow (northerlies). Over East Asia, stationary waves transport cold air from eastern Siberia equatorward (y* , 0, T * , 0), decreasing temperature over southeastern Russia and northeastern China.
In the absence of the Tibetan Plateau, the poleward stationary eddy heat flux dramatically weakens (Fig. 2f) . The substantial enhancement of the poleward stationary eddy heat transport by the Tibetan Plateau is surprising given the modest amplitude of the Tibetan Plateauinduced eddy streamfunction (Fig. 1) . While the enhancement of the upper-tropospheric stationary waves over East Asia is less than 50%, the stationary eddy heat fluxes increase more than 400%.
c. Constructive interference of stationary waves
The stationary eddy heat transport is strongly influenced by the spatial coherence between the Tibetan Plateau-induced stationary winds and the eddy temperature field. Hereafter, we call this spatial coherence as ''constructive interference'' of stationary waves for poleward heat transport. The constructive interference of stationary waves is mostly explained by the coherence between the Tibetan Plateau-induced meridional winds and the eddy temperature field. For example, in the absence of the Tibetan Plateau, southerlies over the central North Pacific (around 1808-1508W) are not coherent in longitude with the warm eddy temperature over the eastern North Pacific (around 1508-1208W). In the presence of the Tibetan Plateau, the southerlies shift eastward, interfering constructively with the warm eddy temperature and thereby enhancing the poleward stationary eddy heat flux (Fig. 2e) . Although less clear, the same is true over East Asia; in the absence of the Tibetan Plateau, the center of the low-level equatorward flow is located farther north of the maximum negative eddy temperature.
To better quantify the coherence between the Tibetan Plateau-induced stationary winds and the eddy temperature field, we linearize the poleward stationary eddy heat flux by the Tibetan Plateau: 
The subscript ''noT'' refers to the no-Tibet simulation. We use D(Á) to denote the differences between the fullTibet and no-Tibet (Tibet 2 no-Tibet) runs. Consistent with Eqs. (1) and (2), c p is multiplied and dp/g is multiplied and integrated from the surface to 300 hPa. The tilde denotes a long-term climatological mean, and the short overbar again denotes a 20-day moving average. The left-hand side of Eq. (5) is not exactly balanced by the right-land side. This is because the eddy heat flux of the left-hand side is calculated by the 20-day running mean including the quasi-stationary covariance between y* and T * . Meanwhile, e y* and e T* of the right-hand side are from the long-term climatological means, excluding the quasi-stationary covariance. Nevertheless, the sum of the right-hand-side terms is very close to the left-hand side of Eq. (5) (the right-hand side slightly underestimates the left-hand side by 5%-8%). Figure 3 shows the linearized stationary eddy heat fluxes based on Eq. (5). The constructive interference between the Tibetan Plateau-induced meridional winds and the background eddy temperature field fD g (y*) g T noT * g is presented in Fig. 3a . This linear constructive interference term is bigger than the other two terms. The linear effect associated with the changes in the eddy temperature field is small (Fig. 3b) , but the nonlinear effect between the Tibetan Plateau-induced stationary winds and the altered eddy temperature field fD g (y*)D g (T*)g is nontrivial (Fig. 3c) . This is because the Tibetan Plateauinduced northerlies (southerlies) decrease (increase) the local temperature by advecting relatively cold (warm) air from the north (south).
The enhanced stationary eddy heat transport by the Tibetan Plateau might have substantial influence on the baroclinic instability and storm tracks, as suggested by previous modeling studies (Manabe and Terpstra 1974; Park et al. 2010; Lee et al. 2013 ). In the next section, we quantify the response of the transient eddy heat flux to the enhanced poleward heat transport by Tibetan Plateauinduced stationary waves.
Poleward eddy energy fluxes
To understand the relative contributions of stationary and transient eddy heat fluxes to the energy budget, we calculate the zonal integration of Eqs. (1) and (2). This zonal integration of heat fluxes can be interpreted as the poleward heat transport (Trenberth and Caron 2001) . The theory of baroclinic energy cycle (Lorenz 1955) indicates that the transient eddy heat flux converts the mean available potential energy (APE) to eddy APE, and this is the initiating process for the baroclinic energy cycle (i.e., baroclinic conversion). It might be a reasonable assumption that an enhanced poleward heat transport by stationary waves can decrease meridional temperature gradients, leading to decreased mean APE and a weaker transient eddy heat flux. Indeed, observational analyses indicate that the cancellation between the stationary and transient eddy heat flux convergence occurs both in intraseasonal and interannual time scale (Trenberth and Stepaniak 2003) . Tibetan Plateau are summarized in Fig. 4a . The poleward heat flux by stationary waves double in the presence of the Tibetan Plateau (cf. solid red and black lines in Fig. 4a ). From 358 to 608N, the stationary eddy sensible heat flux ranges from 1.25 to 2.7 PW in the presence of the Tibetan Plateau, whereas it is less than 1.25 PW in the absence of the Tibetan Plateau. In response to the increased stationary eddy heat transport, the transient eddy heat flux significantly decreases (cf. dotted red and black lines in Fig. 4a ). In the presence of the Tibetan Plateau, the poleward stationary and transient eddy sensible heat fluxes are comparable each other.
In the absence of the Tibetan Plateau, transient eddies contribute a lot more to the poleward sensible heat fluxes than what stationary waves do. The poleward sensible heat transport by transients reaches up to 2.5-3 PW, whereas stationary waves contribute only to 0.5-1.0 PW. The dramatic change in the stationary eddy heat transport by the Tibetan Plateau is intriguing, suggesting the importance of the wave interference by the Tibetan Plateau.
The poleward latent heat flux calculated from Eqs. (3) and (4) is comparable to the sensible heat flux in the subtropics (Fig. 4b) . However, the relative contribution of the latent heat flux to the poleward energy flux rapidly decreases from the subtropics to high latitudes. The overall amplitude of the poleward latent heat flux in midlatitudes is about 20% of the poleward sensible heat flux during northern winter. Unlike the sensible heat flux, the poleward latent heat flux by stationary waves does not change much in the presence of the Tibetan Plateau.
The total poleward energy fluxes, including the sensible and latent heat fluxes, reaches up to 5.5 PW in the midlatitudes in the presence of the Tibetan Plateau (Fig. 4c) , comparable to observations during northern winter (Peixoto and Oort 1992; Trenberth and Caron 2001) . Because of the cancellation effect between stationary waves and transients, the total poleward energy fluxes do not change much with or without the Tibetan Plateau. However, the cancellation is not exact and the total energy fluxes somewhat increase in the presence of the Tibetan Plateau. The enhanced net poleward heat transport implies that the climatological mean conditions, such as the meridional temperature gradient, might be changed as well.
b. Weakening of midlatitude westerlies
The enhanced poleward heat transport by stationary waves, unsurprisingly, reorganizes the equator-to-pole temperature gradient and the associated westerlies. Figure 5a shows anomalous geopotential height at 300 hPa during 15 December-15 February, calculated by the differences between the full-Tibet and no-Tibet experiments (Tibet 2 no-Tibet). Because of the enhanced poleward heat transport by stationary waves, the high latitudes get warmer and geopotential height increases. Meanwhile, the geopotential height decreases in the midlatitudes, specifically over the North Pacific, around 408-508N, because of the energy loss by the stationary eddy heat flux divergence.
More quantitatively, the zonal-mean convergence of the total (stationary plus transients) poleward eddy heat fluxes (2› y [y*T * ] 2 › y [y 0 T 0 ]) might be able to explain the dipole pattern of the anomalous geopotential height. The anomalous upper-tropospheric westerlies (Fig. 5b ) follow the geopotential height changes. In midlatitudes and subpolar regions (408-708N), westerlies weaken because of the weaker meridional geopotential height (Z) gradient. In the subtropics (258-408N), westerlies strengthen because the decreased geopotential height in midlatitudes strengthens the meridional Z gradient in the subtropics. The zonal-mean 300-hPa wind profile (Fig. 5e) indicates that westerlies shift equatorward in the presence of the Tibetan Plateau (red line), leading to a stronger meridional wind shear. This is consistent with previous studies that northern winter stationary waves, specifically the eddy momentum flux convergence, can The Eady growth rate represents the maximum growth rate of linear baroclinic instability (Lindzen and Farrell 1980) and is a widely used index to estimate transient eddy activity from the mean:
where f and N are the Coriolis parameter and buoyancy frequency, respectively, dU/dz is vertical wind shear, and DP 5 p sfc 2 p 300hPa is the total air pressure in the troposphere. Shadings in Fig. 5c shows that the changes in Eady growth rate closely follow the anomalous westerlies, indicating that the Eady growth rate is controlled primarily by vertical wind shear. Contours indicate the climatological mean Eady growth rate from the no-Tibet simulation. In the midlatitudes and subpolar regions (408-708N), the Eady growth rate dramatically weakens. Specifically, the Eady growth rate decreases by 60%-90% over the western North Pacific (458-708N).
In the midlatitudes and subpolar regions (408-708N), the decreased Eady growth rate in the presence of the Tibetan Plateau is consistent with the decreased transient eddy heat flux (Fig. 5f) . In other words, the enhanced poleward heat transport by Tibetan Plateau-induced stationary waves weakens the baroclinic instability around 408-708N. Having said that, it is unclear if the cancellation of energy transport between stationary waves and transient eddies (Trenberth and Stepaniak 2003) can be mostly explained by the changes in baroclinic instability such as the Eady growth rate. In Fig. 5c , the Eady growth rate somewhat increases in the subtropics, whereas transient eddy heat flux decreases over the entire extratropics (Fig. 5f ). It is known that stationary waves and transients interact nonlinearly as well as linearly. The nonlinear interaction includes the upstream eddy seeding effect on downstream transients (Penny et al. 2010; Son et al. 2009 ) and barotropic wind shear on transients (Harnik and Chang 2004) .
c. Seasonally varying poleward energy fluxes
The constructive interference of stationary waves for the poleward energy transport has its distinct maximum in the midwinter. Figure 6 shows the seasonal evolution of the poleward eddy energy (sensible plus latent heat) fluxes in midlatitudes, averaged from 308-708N.
In AM2.1, the poleward stationary eddy energy flux reaches its maximum strength in midwinter, from midDecember to late January (Fig. 6a) . This peak season has distinctively larger stationary eddy energy fluxes compared to its shoulder winter seasons. For example, mid-February is only around 60% of its peak value in mid-January. The effect by the Tibetan Plateau-induced stationary waves is quite small in October and April. Midwinter is the only season when the poleward energy fluxes by stationary waves are larger than those by transients. In the absence of the Tibetan Plateau, the relative contribution of stationary waves to the total poleward energy fluxes is only about 25%-30% throughout the season.
The seasonal evolution of the poleward stationary and transient eddy energy fluxes also exhibits a tendency to cancel each other. Figure 6b shows the seasonal evolution of the anomalous poleward stationary (solid line) and transient (dotted line) eddy energy flux calculated as the Tibet 2 no-Tibet differences. The degree of compensation by transients is about 60% during November, October, and January, but it increases up to 80%-100% in February and March. The distinct midwinter maximum of the poleward heat transport by stationary waves and the cancellation effect by transients in the presence of the Tibetan Plateau support a previous study that the Tibetan Plateau-induced stationary waves are a fundamental cause of the midwinter suppression of North Pacific storminess (Park et al. 2010) .
Interannual variability
The above results suggest a mechanism for the compensation between stationary and transient eddy heat transports. An increase in poleward heat transport by stationary waves reduces the meridional temperature gradient and westerly wind speed in midlatitudes to reduce the poleward heat transport by transient eddies. We illustrated this compensation in full-Tibet and no-Tibet runs. This section turns to interannual variability to further explore this compensation and relevant mechanisms.
a. Variability in SM2.1 and ERA-40
Because of quasi-stationary waves, northern winter climate exhibits distinct interannual and intraseasonal variability such as the PNA pattern and the North Atlantic Oscillation (NAO). Also, the midwinter suppression of North Pacific storminess does not occur every year, suggesting that the interference effects of stationary waves vary year by year. Although changes in the diabatic heating field are a key reason for the interannual variability of stationary waves, it is not well understood how the diabatic heating-induced waves interact with orography, such as the Tibetan Plateau. To better understand the interannual variability of stationary waves, we use AM2.1 coupled to a 50-m uniform slab ocean (SM2.1). The diabatic heating field in AM2.1 does not change much, whereas SM2.1 simulates a more realistic perturbation of the diabatic heating field. Thus, SM2.1 has merit in simulating the interannual variability of wave interference, 2 specifically the interference between the Tibetan Plateau-induced stationary waves and diabatic heating-induced waves. Figure 7 shows the northern winter interannual variability of stationary (x axis) and transient (y axis) eddy energy fluxes simulated by SM2.1. The eddy energy fluxes are averaged in the midlatitude and subpolar areas (308-708N). Because a 20-day moving average is used to define eddies, low-frequency eddies, such as the PNA pattern, are included as part of stationary waves. The interannual variability of eddy energy fluxes, not surprisingly, is much larger in the presence of the Tibetan Plateau (Fig. 7a ) than in the absence of the Tibetan Plateau (Fig. 7b) . In the presence of the Tibetan Plateau, the interannual variability of stationary eddy energy fluxes simulated by SM2.1 ranges from 1.2 to 3 PW and, this range of variability is comparable to ERA-40 (Fig. 8a) .
As Trenberth and Stepaniak (2003) noted, the interannual correlation between the poleward stationary and transient eddy energy fluxes appears robust (strong negative correlation). Consistent with the stationary eddy energy flux variability, the transient eddy energy flux varies a lot more in the presence of the Tibetan Plateau. In the absence of the Tibetan Plateau, the interannual variance of the stationary and transient eddy heat flux decreases by 40%. Figure 8a is as in Fig. 7a , but for ERA-40 (1961 ERA-40 ( -2001 . Consistent with SM2.1 simulations, the interannual variability of stationary eddy heat fluxes is strikingly large; years with strongest stationary eddy energy flux have almost 80% larger values than the weakest years. 2 Although SM2.1 can simulate a much larger and more realistic interannual variance of the diabatic heating field than that of AM2.1, ocean Q-fluxes are somewhat arbitrarily adjusted to get the climatological SSTs. For simulating the climatological mean stationary waves, prescribing the SSTs (e.g., AM2.1) is the most common method.
The interannual variability of transients is relatively smaller than stationary waves, but still substantial; years with the strongest poleward transient eddy energy fluxes have about 50% larger values than the weakest years. As expected, the interannual correlation between the stationary and transient eddy energy fluxes is strongly negative. The correlation coefficient is about 20.77, explaining as much as 60% of the variance.
Because the interannual variance of heat transport by stationary waves is larger than that of transients, stationary waves are more likely to be a driving factor for changing the transient eddies. However, reverse causality is also strongly possible; changes in the position and strength of the zonal-mean westerlies are known to affect the northern winter stationary waves (Ting et al. 1996) . Because the transient eddy momentum flux continuously interacts with the zonal-mean westerlies, subtle changes in the transient eddies might instantaneously affect the zonal-mean westerlies and the associated stationary waves.
Tropical SST changes associated with El Niño and La Niña events are often regarded as the most influential factor for the interannual variability of global climate. A recent study suggests that the arctic surface effectively warms up (cools down) during major La Niña (El Niño) events because zonally localized (uniform) tropical convection amplifies (weakens) the poleward stationary eddy heat flux (Lee 2012) . Indeed, the poleward stationary eddy energy flux is lower during major El Niño events (red dots in Fig. 8a ). This is because the tropical SSTs become zonally uniform during El Niño events, leading to a zonally uniform diabatic heating field in the tropics. However, the years of the largest stationary eddy energy flux do not correspond to major La Niña events (blue dots in Fig. 8a ).
Can the interannual variance of stationary eddy energy fluxes be explained by the changes in the amplitude of stationary waves? Figure 8b shows the interannual relationship between the stationary eddy energy flux (x axis) and amplitude of stationary waves (y axis). The stationary eddy amplitude at each grid point is defined as the strength of the mass-weighted eddy meridional winds: ð 300hPa sfc ffiffiffiffiffiffiffiffiffiffi ffi (y*) 2 q dp DP .
The amplitude of stationary waves calculated from the above equation is zonally integrated and meridionally averaged from 308 to 708N. The relationship between the stationary eddy energy flux and amplitude of stationary waves is somewhat linear and the correlation coefficient is about 0.59 (Fig. 8b) . While the strength of stationary waves is certainly a positive factor for enhancing the poleward stationary eddy heat transport, it explains only limited variance of the poleward stationary eddy heat transport (only about 35% of the variance).
b. Constructive interference in ERA-40
Composite analyses are further performed to better understand the global stationary wave pattern associated with the years with strongest stationary eddy energy fluxes (four strongest events in Fig. 8a ; hereafter strong stationary wave events). Constructive interference of stationary waves during the strong stationary wave events can be examined using Eq. (5) anomalous meridional winds and the climatological mean eddy temperature field. Here, the ''anomalous meridional winds'' denote the differences between the mean meridional winds during the strong stationary wave events and the climatological mean meridional winds.
Figures 9a-c show the individual term in Eq. (5) during 15 December-15 February. The linear interference between the anomalous winds and the climatological mean eddy temperature field [ Fig. 9a, D g (y*) g T clim * ] is the most dominant factor for the enhanced stationary eddy heat fluxes. This anomalously strong constructive interference is associated with stronger-than-usual global stationary waves (Fig. 8b) . The nonlinear term [ Fig. 9c, D g (y*)D g (T*)] is much smaller than the other two linear terms. Although the climatological mean poleward stationary eddy heat flux is strongest over East Asia, the interannual variability is much larger over the eastern North Pacific. This is probably because Rossby waves excited by moist convection in the Pacific Ocean strongly affect the stationary wave pattern downstream, especially over the eastern North Pacific (Horel and Wallace 1981) . In fact, the strengthening of southerlies over the eastern North Pacific (Fig. 9a) resembles the PNA (Wallace and Gutzler 1981) , which is characterized by the fluctuation in the amplitude of stationary waves such as the deepening of a trough over the central-eastern North Pacific Ocean. While ENSO is a key factor for the interannual variability of the tropical convection in the Pacific, the PNA pattern is known to be independent from the ENSO forcing (Straus and Shukla 2002) . As shown in Fig. 8a , major ENSO events have very limited influence on the poleward stationary eddy energy transport.
Figures 10a and 10b show anomalous geopotential height and zonal winds at 300 hPa during 15 December-15 February, calculated as the differences between the strong stationary wave events and the climatological mean. The overall pattern is remarkably similar to that shown in Fig. 5 . Because of the enhanced poleward energy transport by stationary waves, the geopotential height gets higher in the subpolar and arctic regions (508-858N). The enhanced poleward energy transport during the strong stationary wave events is also accompanied by an energy flux divergence in midlatitudes, which decreases geopotential heights in the midlatitudes (308-458N). The meridional dipole pattern of the geopotential height leads to weaker midlatitude and subpolar westerlies and stronger subtropical westerlies (Fig. 10b) . The combined effect of weaker midlatitude westerlies and stronger subtropical westerlies implies an equatorward shift of westerlies, especially over the North Pacific. The Eady growth rate response (Fig. 10c) is similar to the anomalous upper-tropospheric westerlies. This is consistent with DeWeaver and Nigam (2000) that northern winter climate modes are dynamically tied to the meridional shift of the zonal-mean zonal winds.
In summary, both the model and observation consistently indicate that the midlatitudes westerlies weaken in the case when the poleward energy transport by stationary waves increases. The weakening of the midlatitude westerlies is probably the most efficient way to reduce the poleward energy transport by transients, balancing the total poleward eddy energy transport.
Summary and discussion
Stationary waves originate from multiple sources such as the land-sea thermal contrast, localized tropical convection, and large-scale orography. Amplitudes of these different wave sources are comparable between one another (Inatsu et al. 2002) . Our results highlight that the poleward heat transport during northern winter is determined by the spatial coherence of multiple stationary waves. In particular, constructive interference between the Tibetan Plateau-induced stationary winds and the eddy temperature field is a key ingredient for enhancing the poleward stationary eddy heat transport. The constructive interference of stationary waves by the Tibetan Plateau doubles the poleward heat transport by stationary waves. In the absence of the Tibetan Plateau, the poleward eddy heat transport is dominated by transients, similar to the Southern Hemisphere climate. Qualitatively similar results (not shown) are also found when experiments are performed with another GCM, the National Center for Atmospheric Research (NCAR) Community Atmosphere Model, version 3 (CAM3), indicating the robustness of the results. The amplification of the poleward stationary eddy heat transport by the Tibetan Plateau is a unique property of northern winter stationary waves, especially in midwinter. During adjacent seasons, such as late November and late February, the impact of the Tibetan Plateau on enhancing the poleward stationary eddy heat transport is much weaker than that of the midwinter. The enhanced poleward heat transport by stationary waves warms the high latitudes, leading to higher geopotential heights. In the midlatitudes, the divergence of the poleward stationary eddy heat flux decreases the geopotential height. The dipole response of the geopotential height is accompanied by an equatorward shift of the westerlies, with reduced speeds in the midlatitudes that weakens transient eddies. This explains why the enhanced stationary eddy heat transport by the Tibetan Plateau is largely compensated by a reduction in transient eddy heat transport. Observed interannual variability corroborates the mechanism for the compensation. Composite analyses based on interannual variability using ERA-40 support that the years of anomalously strong heat transport by stationary waves experience an equatorward shift of westerlies. Our results are consistent with DeWeaver and Nigam (2000), but we provide an alternative mechanism on how stationary waves change the position and strength of the zonal-mean westerlies. It is very likely that the linkage between an enhanced poleward heat transport by stationary waves and the equatorward shift of westerlies is dynamically robust.
In the presence of the Tibetan Plateau, AM2.1 coupled to a uniform 50-m slab ocean (SM2.1) simulates a realistic interannual variance of poleward stationary eddy energy fluxes, whereas the interannual variance substantially decreases in the absence of the Tibetan Plateau. These results offer new insight that major northern winter climate variability might be the outcome of wave interference between Tibetan Plateau-induced stationary waves and diabatic heating. This will be further evaluated in our future study. 
